1. We examined the effects of experimental obstructive jaundice caused by bile duct ligation (BDL) on vascular smooth muscle function, as well as the underlying mechanisms involved, by recording responses to noradrenaline (NA), 5-hydroxytryptamine (5-HT) and acetylcholine (ACh) in canine isolated renal arteries and to NA in isolated mesenteric arteries in vitro. All studies were performed 7 days after the onset of BDL in renal arteries and 3, 7 and 15 days after the onset of BDL in mesenteric arteries.
INTRODUCTION
The association between obstructive jaundice and postoperative acute renal failure is a well-established clinical phenomenon. There is an increased incidence of postoperative renal failure in patients with obstructive jaundice. 1 Although various pathophysiological mechanisms have been proposed, the exact aetiology of renal dysfunction in patients with obstructive jaundice remains elusive. Renal dysfunction was initially thought to be due to a toxic effect of bile salts or bilirubin on renal tubules. 2 However, more recent research in the suspectibility to renal failure has concentrated on the effect of cardiovascular instability manifested as systemic hypotension and defective vascular reactivity. Recently, alterations in vascular reactivity to various vasoactive agents was considered to be an important mechanism in the pathophysiology of acute renal failure. There are, however, conflicting reports in the literature; unchanged, 3 attenuated, [4] [5] [6] or enhanced 7, 8 responses have all been described. It is established that the endothelium plays a role in modulating the tone of the underlying smooth muscles in response to pharmacological stimuli. The endothelium can control the function of surrounding vascular smooth muscles by secreting both relaxing (endothelium-derived relaxing factor; EDRF) and contracting substances. These modulations contribute to changes in vascular responsiveness caused by some diseases. [9] [10] [11] [12] Endothelium-derived relaxing factor has been identified as nitric oxide (NO). 13 Nitric oxide migrates from the endothelium and activates cytosolic guanylyl cyclase of the nearby vascular smooth muscle; this activation accelerates conversion of GTP to cGMP, with cGMP leading, in turn, to vascular smooth muscle relaxation and its accompanying vasodilation. 14 In the present study, the effects of 3, 7 and 15 days of bile duct ligation (BDL) on contraction and endothelium-dependent and -independent relaxation of vascular smooth muscle was studied in the dog. The purpose of the study was to determine the roles of the duration of BDL and the endothelium in the contractile responses of canine isolated mesenteric and renal artery rings, respectively.
METHODS
Male mongrel dogs, weighing between 10 and 12 kg, were used. Animals were anaesthetized with ketamine (50 mg/kg, i.m.) and either sham operation (SO) or BDL was performed. Operations were performed under sterile conditions and 1 g cephazoline sodium was given i.v. before surgery. In each dog, the abdomen was opened through a median incision. Animals were divided into two groups: (i) the experimental group (BDL), in which the duct was doubly ligated and divided; and (ii) the control group (SO), in which the common bile duct was mobilized but left intact. Animals tolerated either SO or BDL well with no mortality.
At 3, 7 and 15 days after operation, dogs were selected at random from the BDL and SO groups, food was withdrawn for 12-18 h and dogs were then weighed and anaesthetized, as described above. Blood was collected at this time for serum bilirubin, alkaline phosphatase, serum glutamic oxaloacetic transaminase (SGOT) and serum glutamic pyruvic transaminase (SGPT) measurement. A renal and superior mesenteric artery were carefully dissected out to avoid stretching, placed in oxygenated cold Krebs' solution (composition (in mmol/L): NaCl 118; KCl 4.71; MgCl2 1.05; NaH2PO4 1.33; NaHCO3 25; CaCl2 2.7; glucose 5.6) and cleaned of adherent fat and connective tissue. A 3-4 mm ring segment was taken from each vessel and this was then cut longitudinally to form rectangles that were mounted using small tissue clips in a 20 mL chamber containing Krebs' solution maintained at 37°C by a thermoregulated water circuit and aerated with 95%O2/5% CO2, resulting in a pH of 7.4. All rings were carefully prepared so as not to cause injury to the endothelium. Artery rings were placed under a resting tension of 2 g, which was determined to be the optimal resting preload by a length-tension curve. The resting tension was periodically adjusted to 2 g throughout the experiment. After mounting, preparations were equilibrated for 2 h, during which time the medium was replaced every 15 min. The isometric tension of the artery ring was recorded using a Grass FT03 forcedisplacement transducer (Grass Medical Instruments, Quincy, MA, USA) and displayed on a Grass 79E polygraph.
Ethical approval was granted by the Kocaeli University Ethics Committee (Kocaeli, Turkey).
Experimental protocol
Noradrenaline (NA; 10 -8 to 10 -4 mol/L) and 5-hydroxytryptamine (5-HT; 10 -8 to 10 -4 mol/L) were applied directly to the organ baths. Cumulative concentration-response curves were constructed for each artery. Each dose of drug for the cumulative concentration-response curve was added when the effect of the preceding dose had reached its maximum. After frequent washing, tissues were left for at least 30 min before being rechallenged with another agonist. In some rings, the endothelial layer was removed mechanically using a cotton applicator for 15-20 s to avoid causing damage to the underlying smooth muscle. Denudation of the endothelium was confirmed by the loss of relaxation induced by 10 -6 mol/L acetylcholine (ACh). This method completely abolished the relaxant responses to ACh. Artery rings were contracted by treatment with 3 ϫ 10 -7 to 10 -6 mol/L phenylephrine (PE). These concentrations produced 75-85% of the maximal response to PE. After the PE-induced contraction had reached a plateau, cumulative concentration-response relationships to ACh (10 -8 to 10 -5 mol/L) or papaverine (10 -5 to 10 -4 mol/L) were obtained. The concentration of the agonist in the bath was increased approximately three-fold at each step after the response to the previous concentration had reached a plateau.
Analysis of data
Serum bilirubin, SGOT, SGPT and alkaline phosphatase levels were determined by a Beckman RA1000 analyser (Beckman Instruments International SA, Geneva, Switzerland).
To evaluate the effects of agonists, the maximum response (Emax) and pD2 values (i.e. the negative logarithm of the concentration for the half-maximal response; EC50) were calculated. Because one aim of the present study was to compare the contractile responsiveness of arterial smooth muscle of SO and BDL groups, normalization of the active developed force for variation in wall thickness was essential. In this study, the maximum tension generated by each agonist was normalized in terms of cross-sectional area (CSA), which was calculated by the formula:
After completion of the experiment, the tissue was blotted on filter paper and the length and the weight of rings was measured. The density of the preparation was assumed to be 1.05 mg/mm 3 . 15 Responses of each preparation to NA and 5-HT were then calculated as the increase in tension (g) in response to each concentration of agonist/CSA of tissue (mm 2 ). The concentration-response data obtained in each individual experiment were plotted as the response/concentration (y) against the response (x). This produced a linear relationship in each experiment, as predicted from the Scatchard equation for drug-receptor interaction:
Agonist pD2 values were calculated from each agonist concentrationresponse curve by linear regression of the linear part of the curve and were taken as a measure of the sensitivity of the tissues to each agonist.
Values are the arithmetic meanϮSEM. The relaxant effect of ACh was expressed as a percentage of the precontraction to PE. The contractile force was expressed as mg developed tension/CSA of tissues. Differences between means were analysed by ANOVA followed by Tukey-Kramer's test. Results were considered to be significantly different if P < 0.05.
Drugs
The drugs used were as follows: NA bitartrate, 5-HT creatinine sulphate, ACh chloride and papaverine hydrochloride. All drugs were purchased from Sigma Chemical Co. (St Louis, MO, USA).
All drugs were dissolved in distilled water and were prepared daily. In the high-K ϩ solution, NaCl was exchanged for equimolar amounts of KCl.
RESULTS
In BDL or SO dogs, the surgical procedure was tolerated well and abdominal wounds healed promptly. There was no significant difference in bodyweights of SO and BDL dogs after 3 days. After 7 and 15 days, BDL dogs had lost weight and weighed significantly less than control dogs (Table 1) . Serum bilirubin levels and alkaline phosphatase, SGOT and SGPT activity in BDL dogs were markedly increased compared with SO dogs (Table 1 ). The CSA of both SO and BDL arteries at various times is shown in Table 2 . There was no significant difference in the CSA of SO and BDL arteries after 3 days of surgery. However, at all subsequent times, the CSA of BDL arteries was less than that of SO arteries ( Table 2 ). The changes that occurred in CSA with increasing duration of SO did not follow the same pattern as in BDL. There were no significant differences in the CSA of arteries from SO animals at any time (data not shown).
At 3, 7 and 15 days after SO, there was no change in either the sensitivity or the responsiveness of arteries to NA (data not shown). Responses to NA were significantly decreased in endothelium-intact renal arteries from 7 day BDL dogs and the Emax values for NA in endothelium-intact arteries from BDL dogs were significantly lower than those in SO dogs ( Fig. 1 ; Table 3 ; P < 0.05); however, there was no significant change in pD2 values (Table 3 ). Responses to NA in renal arteries without endothelium remained normal after BDL and there were no differences in Emax and pD2 values for NA between SO and BDL dogs ( Fig. 1; Table 3 ).
In endothelium-intact renal artery rings from 7 day BDL dogs, responses to 5-HT were decreased and the Emax values for 5-HT were significantly reduced compared with SO dogs ( Fig. 2 ; Table 3 ; P < 0.05). However, this effect was not observed after endothelium removal and there were no differences in Emax values for 5-HT between SO and BDL dogs ( Fig. 2; Table 3 ).
Relaxant responses to papaverine in renal artery rings from 7 day BDL dogs were not different from those of SO dogs and were not affected by removal of the endothelium in SO and BDL vessels (Fig. 3) . The maximum response to KCl was 2.59Ϯ0.31, 2.85Ϯ0.18, 2.75Ϯ0.23 and 2.64Ϯ0.18 g/mm 2 in endothelium-intact SO and BDL and endothelium-denuded SO and BDL, respectively. There was no significant difference between groups.
The ability of ACh to relax renal arteries precontracted with a submaximal concentration of NA was also determined. Acetylcholine produced concentration-dependent relaxation of both SO and BDL Data are the meanϮSEM. *P < 0.05 compared with the corresponding control.
Eϩ, E-, with and without endothelium, respectively; ND, not determined. Data are the meanϮSEM (n ϭ 8). *P < 0.05 compared with the corresponding control. †
The Emax values for acetylcholine are presented as the percentage contraction to phenylephrine; for noradrenaline and 5-hydroxytryptamine, units are g/mm 2 . SO, sham operation; BDL, bile duct ligation; Eϩ, E-, with and without endothelium, respectively. arteries with an intact endothelium. This effect was abolished in both vessels by removal of the endothelium. Vascular relaxation induced by ACh was significantly increased in BDL arteries compared with arteries from SO dogs ( Fig. 4 ; Table 3 ; P < 0.05).
In another series of experiments, mesenteric vascular responses to NA were determined at 3, 7 and 15 days after BDL. After BDL, there was a significant reduction in the contractile response to NA. Figure 5 shows the contractile response to NA at 7 and 15 days postoperatively. The response at 3 days postoperatively was similar to that seen in control (data not shown). At both 7 and 15 days, Emax values for NA were significantly different from control values (P < 0.05; Table 4 ). The pD2 values decreased 15 days after BDL, but there was no significant change in pD2 values at 3 and 7 days after BDL (Table 4) .
DISCUSSION
Although surgical procedures in patients with obstructive jaundice are associated with a higher incidence of postoperative complications, including sepsis, gastrointestinal bleeding, impaired immune function and impaired wound healing, it is renal dysfunction that is the most significant complication that is associated with morbidity and mortality and that has been more extensively investigated. 16 However, the mechanisms underlying this phenomenon are not clear. Many investigators have concentrated on a possible alteration in vascular tone as an explanation for these clinical findings. An increased incidence of acute renal failure in patients with obstructive jaundice and alterations in vascular reactivity to various agents have been suggested, 5, 7, 12, [17] [18] [19] but the data concerning the sensitivity of peripheral vasculature to vasoactive amines have been conflicting. [3] [4] [5] [6] [7] [8] The results of these investigations indicate that common BDL in the dog is associated with a decrease in renal vascular reactivity both to NA and 5-HT. The Emax values for NA and 5-HT were significantly decreased in BDL vessels with intact endothelium, but responses of renal arteries without endothelium to NA and 5-HT remained normal after BDL. Similarly, NA responses were decreased in mesenteric arteries from BDL dogs after 7 and 15 days and the reduction was significantly less than in BDL dogs after 15 days. In addition to these findings, relaxation responses to ACh in BDL dogs were investigated and compared with responses in SO dogs. In this study, the concentration-response curves to KCl and papaverine in renal arteries from BDL dogs were not different from renal artery rings from control animals. The results of the present study suggest that decreased responses of renal artery rings to NA and 5-HT in jaundice may be due to the endothelium.
In the present study, the endothelium-dependent response to ACh was higher in BDL dogs than in control dogs, thus confirming our previous report. 12 Furthermore, the magnitude of the precontraction was similar in preparations from SO and BDL dogs for PE, thus ensuring that any difference in relaxation between any SO and BDL preparations was not due to differences in the degree of precontraction. In the present study, the relaxation responses to papaverine were similar between the two groups. This suggests that the increase in the endothelium-dependent relaxation response to ACh in BDL dogs probably occurs at the level of the endothelium and not the smooth muscle cells and is most likely to be due to endothelial cell response to ACh receptor-mediated activation. A possible explanation for increased endothelium-dependent relaxation in BDL dogs may be an alteration in the ability of jaundiced vascular smooth muscles to respond to NO. The relaxations induced by NO, like those to sodium nitroprusside (SNP), are mediated through an increase in cGMP in vascular smooth muscle. 14 The mechanism of increased endothelium-dependent vasodilatation appears to be related to the increased production of cGMP. Because in the present study we did not perform experiments with a guanylate cyclase activator, such as SNP, we cannot draw any conclusions regarding the involvement of cGMP at the present time.
The mechanisms of impaired arterial responses to NA and 5-HT after BDL are not understood. Several factors may be responsible for this phenomenon. The decrease in reactivity to NA seen in the present study is consistent with the results of the study by Cioffi et al., 5 who demonstrated a decreased responsiveness of the renal vasculature in BDL dogs. Similarly, Bomzon et al., 6 studying helical aortic strips and isolated portal vein taken from jaundiced rats, noted a decrease in contractile responses to NA. Contrary to these results, other investigators have postulated an increased renal vascular sensitivity to NA. 7, 8 Khang et al. 8 suggested that the increase in the vasoconstrictor response to NA was counterbalanced by renal prostaglandin activity.
In the present study, aortic ring dry weights from BDL dogs were significantly decreased compared with rings from SO dogs. However, this difference in tissue weight is unlikely to be responsible for the altered responsiveness observed in arteries from BDL dogs because results were expressed as tension developed/CSA of tissue.
The effects of cholaemia on contractile tissue are both vasodepressor and cardiodepressor and could be responsible for the decreased NA response. [20] [21] [22] Impairment of ventricular performance and a decrease in peripheral vascular resistance may be secondary to direct actions of bile constituents on the autoimmune nervous system or a direct effect on the vascular endothelium. 23 It was demonstrated that the mechanism of attenuated pressor responsiveness to catecholamines in jaundice is linked to blunted in vitro contractile responses of blood vessels due to a reduction in the functional activity of cardiovascular ␣1-adrenoceptors. In addition, endotoxaemia has been described in patients with obstructive jaundice and in rats after ligation of the common bile duct. 25, 26 Elevated levels of endotoxin have been associated with increased circulating levels of biliary constituents and could be responsible for the decreased NA response. 22, 27 These studies demonstrate that the blunted response of the renal vasculature to NA and 5-HT in jaundice can be reversed by removal of endothelial cells. There is good evidence that NO production is increased after BDL in rats; 28, 29 therefore, the results of the present study may also be explained by increased synthesis and/or release of NO, mainly of endothelial origin, whereas the role of inducible nitric oxide synthase remains elusive. In addition, the duration of ligation may play a role in responsiveness of the arteries because a decreased response to NA or 5-HT does not occur after acute ligation.
In conclusion, the results of the present study indicate that changes in the reactivity of arteries can be demonstrated at various times after the onset of BDL. The nature of these changes in vascular reactivity appear to depend on the duration of BDL. In addition, the decrease in vasoconstrictor responses to NA and 5-HT may be due to stimulation of the synthesis and/or release of endothelial NO by undefined substance(s) present in jaundiced serum.
